Rare stochastic mutations may accumulate during dormancy of stem-like cells, but technical limitations in DNA sequencing have limited exploring this possibility. In this study, we employed a recently established deep-sequencing method termed Duplex Sequencing to conduct a genome-wide analysis of mitochondrial (mt) DNA mutations in a human breast stem cell model that recapitulates the sequential stages of breast carcinogenesis. Using this method, we found significant differences in mtDNA among normal stem cells, immortal/preneoplastic cells, and tumorigenic cells. Putative cancer stem-like cell (CSC) populations and mtDNA copy numbers increased as normal stem cells become tumorigenic cells. Transformed cells exhibited lower rare mutation frequencies of whole mtDNA than did normal stem cells. The predicted mtDNA rare mutation pathogenicity was significantly lower in tumorigenic cells than normal stem cells. Major rare mutation types in normal stem cells are C>T/G>A and T>C/A>G transitions, while only C>T/G>A are major types in transformed cells. We detected a total of 1,220 rare point mutations, 678 of which were unreported previously. With only one possible exception (m10342T>C), we did not find specific mutations characterizing mtDNA in human breast CSCs; rather, the mitochondrial genome of CSCs displayed an overall decrease in rare mutations. On the basis of our work, we suggest that this decrease (in particular T>C/A>G transitions), rather than the presence of specific mitochondrial mutations, may constitute an early biomarker for breast cancer detection. Our findings support the hypothesis that the mitochondrial genome is altered greatly as a result of the transformation of normal stem cells to CSCs, and that mtDNA mutation signatures may aid in delineating normal stem cells from CSCs. Cancer Res; 76(15); 4569-78. Ó2016 AACR.
Introduction
The mutation burden in the nuclear genome is increased during tumorigenesis (1, 2) . In our study, we tested whether the nuclear mutation instability of human tumors (3) is recapitulated in the mutations of the mitochondrial genome. We have utilized a human breast stem cell model that mimics the sequential stages of breast carcinogenesis ( Fig.  1A : normal, immortal/preneoplastic, and tumorigenic stages; refs. [4] [5] [6] [7] [8] [9] [10] .
The abnormal mitochondrial function in cancer cells was first described as the Warburg effect: a phenomenon in which cancer cells forego oxidative phosphorylation even in normoxia and resort to glycolysis (11) . Since then, conflicting results have been reported regarding the roles of somatic mtDNA mutations in cancer development and their relation to the Warburg effect (12) (13) (14) (15) .
Most studies involving DNA sequencing have investigated clonal mutations and have not explored subclonal and rare mutations. A major impediment for the detection of subclonal and rare mutations has been the lack of methods with sufficient accuracy to distinguish subclonal and rare mutations from artifacts. For example, conventional next-generation sequencing (NGS) methods show high background error frequencies (10 À2 to 10 À3 ; refs. 16, 17) . We have established a new protocol referred to as Duplex Sequencing that is >10,000 fold more accurate (error rates 5 Â 10 À8 to 10 À8 ; refs. [16] [17] [18] [19] [20] [21] [22] than other currently available high-throughput sequencing methods. Unlike conventional sequencing technologies that sequence only a single strand of DNA, Duplex Sequencing sequences both strands of DNA and scores mutations only if they are present in both strands of the same DNA molecule as complementary substitutions. Here, by using Duplex Sequencing, we report the highly accurate mutation analysis for the entire mtDNA genome of a human breast carcinogenesis model derived from normal stem cells.
Materials and Methods
Development and culture of human breast epithelial cells and in vitro-transformed human breast epithelial cells Breast tissues of healthy women at 21-29 years of age were obtained during reduction mammoplasty at Sparrow Hospital (Lansing, MI). Patients' written consents were received and the use of human breast epithelial cells (HBEC) was approved by the authors' institutional review boards. The donors were not cancer patients and had never received chemotherapy or radiotherapy. The procedure for the development and culture of HBECs has been described previously (5, 9) . Normal primary breast stem cells and transformed cells have been characterized using methods as described previously (4) (5) (6) (7) (8) (9) (10) (22) (23) (24) . The cells were authenticated by short tandem repeat (STR) DNA profiling. Immortal, weakly tumorigenic, highly tumorigenic, and highly tumorigenic xenograft cells were derived sequentially from the same parental normal stem cells with treatments of SV40 large T-antigen, X-rays, and ERBB2 oncogene as described previously (4-6; Fig. 1A ). Highly tumorigenic cells were injected into nude mice and then the tumors formed in nude mice were collected and grown in culture to develop highly tumorigenic xenograft cells at Michigan State University (Lansing, MI). The cells used for experiments were cultured at the University of Washington (Seattle, WA) for, on average, 23 days.
Flow cytometry for identification of breast cancer stem cell population Cells were cultured for two days after the cells were seeded. Then, the cells were collected and were incubated with antibodies labeled with fluorochromes: anti-CD24-PE and anti-CD44-APC (BD Biosciences). Cell sorting and immunofluorescence analysis were performed using BD FACS Aria or BD FACSCanto II (BD Immunocytometry Systems). After excluding nonviable cells by 7-aminoactinomycin D viability dye and excluding debris and doublets using forward and side scatter functions of FACS instrument, the viable breast cancer stem cell (CSC) population (CD44 þ /CD24 À/low ; refs. 10, 25) was calculated using FlowJo version 9.5 program (Tree Star, Inc.).
DNA extraction, mtDNA copy number, adapter synthesis, DNA library preparation, the sequencing data analysis, and pathogenicity of nonsynonymous mutations DNA were extracted and mtDNA copy number was quantified as described previously (22) . The synthesis of duplex adapters (18, 20) , DNA library preparation (22) , and Duplex Sequencing data 
À ) of four different subpopulations was determined using flow cytometry and the percentage of putative breast CSC population (CD44 þ /CD24 À/low ) was highlighted with a bold line in representative figures (B). C, the average percentages of putative breast CSC populations (mean AE SEM) are quantified based on two to five independent cell culture experiments. D, the numbers of mtDNA copies were quantified using qPCR. Data are from two (normal stem and highly tumorigenic xenograft cells) or three (immortal, weakly tumorigenic, and highly tumorigenic cells) independent culture experiments (mean AE SEM). Ã , P < 0.05 by one-way ANOVA.
processing (22) were carried out as described previously. Our Duplex Sequencing software package can be downloaded from https://github.com/loeblab/Duplex-Sequencing. A script for amino acid changes (nonsynonymous and synonymous mutations) was described in Supplementary Methods. The GenBank frequency (%) of each identified mutation was calculated on the basis of the previously reported mtDNA variant database (www.mitomap. org), which was derived from 29,867 GenBank sequences with size greater than 15.4 kbp. MutPred web application tool (26) version 1.2 was used to predict pathogenicity for nonsynonymous mutations in the mitochondrial protein-coding genes (http:// mutpred.mutdb.org) as described previously (22) .
Statistical analysis
The mtDNA copy numbers were analyzed using one-way ANOVA. Differences in mutation frequencies and numbers of mutation contexts were analyzed by c 2 test. Spearman correlation coefficients (r) were applied to examine associations between mtDNA mutation signatures of tumorigenic cells and nuclear DNA mutation signatures of published tumor data. The g scores were compared using Kruskal-Wallis test. The size of mitochondrial protein-coding genes and numbers of nonsynonymous mutations were analyzed by Pearson correlation coefficients. These statistical analyses were performed using Sigma Plot version 12.0 (Systat Software). Differences between the groups were considered significant when the P values were less than 0.05.
Results

Cells with breast CSC features are increased during carcinogenesis
The normal human primary breast stem cells (referred to as "normal stem cells" hereinafter) have been characterized by the ability to form ductal and terminal end bud-like structures on Matrigel, the ability to differentiate into basal and luminal epithelial cells, anchorage-independent growth, reduced expression of maspin, the expression of estrogen receptor-alpha, and the stem cell marker OCT4 (4) (5) (6) (7) (8) (9) (10) 23) . Immortal (nontumorigenic and preneoplastic), weakly tumorigenic, highly tumorigenic, and highly tumorigenic xenograft cells were derived sequentially from the same parental normal stem cells with oncogenic treatments (Fig. 1A; refs. [4] [5] [6] .
To study the association of CSCs with mtDNA mutations, we have identified and separated, by flow cytometry, pure populations of putative breast CSCs based on the breast CSC markers CD44
À/low (10, 25) . Flow cytometry data from two to five independent cell culture experiments indicate that significantly higher percentages of breast CSC population are found among tumorigenic cells (average $25%) than among normal stem cells and immortal cells ( Fig. 1B and C). Putative CSC population is rarely present in normal stem cells ($0.1%-0.5%).
mtDNA copy numbers increase during breast carcinogenesis The numbers of mtDNA genomes per cell were determined by quantifying the ratio of mtDNA to nuclear DNA using real-time quantitative PCR (qPCR). About 485 copies of mtDNA per haploid genome are found in the normal stem cells. The mtDNA copy numbers per haploid genome of weakly tumorigenic, highly tumorigenic, and highly tumorigenic xenograft cells are about 2-fold significantly greater than those of normal stem cells (Fig. 1D ).
Transformed cells show significantly lower frequencies of rare mutations and low-heteroplasmic mutations than do normal stem cells
The average number of nucleotides sequenced at each position of the entire mitochondria in all samples for single-strand sequences (SS) was 97,915 X (Supplementary Table S1 ). Using the Duplex Sequencing method, we sequenced both strands of each DNA molecule individually. By doing so, we generated two single-strand consensus sequence (SSCS) analyses and a duplex consensus sequence (DCS) analysis. The average depth of SSCS at each genome position in all samples was 9,069 X. The DCS was assembled by pairing complementary SSCS with each other and covered an average DCS depth of 1,509 X after local realignment and clipping (Supplementary Table S1 ).
We determined rare variants as well as homoplasmic and heteroplasmic variants using Duplex Sequencing. Maternally inherited mitochondrial mutations arising during early embryonic development are more likely to be clonal (homoplasmic; i.e., the same mutation existing at the same genome location in all or most mtDNA copies). Therefore, in this study, we focused on rare and low-heteroplasmic variants, as they most likely represent de novo somatic variants. In the current study, based on the mutation occurrence (clonality) at each genome position, we classified variants into those that are homoplasmic (95%-100%), high heteroplasmic (>20%-<95%), low heteroplasmic (>0.5-20%), and rare (0.5% or less). Lowheteroplasmic variants and rare mutations, in particular, would not be accurately scored by conventional NGS, due to its high background error frequency (10 À2 -10 À3 ; refs. 16, 17).
These variants, however, can be accurately detected using Duplex Sequencing. The overall frequencies of rare mutations are calculated as the total number of mutant nucleotides divided by the total number of sequenced DCS nucleotides. The frequencies of rare mutations Figure 2 . The frequency of rare and low-heteroplasmic point mutations of the whole mtDNA was determined using DCS analysis of Duplex Sequencing. A and B, the cutoffs of mutation clonality (%) used for rare and low-heteroplasmic mutations are 0%-0.5% and >0.5%-20%, respectively. Data are from normal human breast stem cells (pooled from three women) and transformed cells (immortal, weakly tumorigenic, highly tumorigenic, and highly tumorigenic xenograft). Error bars represent the Wilson Score 95% confidence intervals. Significant differences between normal stem cells and transformed cells are indicated ( ÃÃÃ , P < 5 Â 10 À5 by the c 2 test). 
Independent experiments of Duplex Sequencing generate reproducible results
Duplex Sequencing has been used in recent publications from our laboratory (18) (19) (20) (21) (22) . To further validate this methodology, we performed two independent experiments of Duplex Sequencing for each DNA sample of immortal cells and highly tumorigenic cells. The DNA library and duplex adapter synthesis were independently prepared and sequenced on different dates for the two independent sets of each sample (Supplementary Table S1 ; Supplementary Fig. S1 ). The frequency (Supplementary Fig. S1A ; Fig. 2B ) and the proportion (%) of each mutation type (Supplementary Fig. S1B ) of the combined rare and low-heteroplasmic mutations in these two samples obtained from independent experiments are similar to each other.
The transformation of normal stem cells to tumorigenic cells is accompanied by changes in mutation types
Frequencies and proportions (%) of each mutation type were analyzed. In normal stem cells, the C>T/G>A and T>C/A>G transitions are the prevalent types of rare mutations ( Fig. 3A and  F) . However, only C>T/G>A are the major mutation types in transformed cells (Fig. 3B-F ). Insertions and deletions were found infrequently. We have grouped 12 mutation types into six groups by pairing complementary sequences of point mutations. We present the data as a proportion (%) of the total number of mutations for each set of transformed cells and the pooled normal stem cells (Fig. 3F) . The average fraction (%) of C>T/G>A is higher in transformed cells (63.3%) than in normal stem cells (46%), while the fraction of T>C/A>G is lower in transformed cells (11.8%) than in normal stem cells (38%). These differences indicate that the overall sequences of mutations in normal stem cell mitochondrial genome undergo profound changes during tumorigenesis.
The strand-bias of rare mutations is lost during breast carcinogenesis
The two strands of mtDNA are designated as heavy (H) and light (L) strands (14) . Our mtDNA Duplex Sequencing data are referenced to the revised Cambridge Reference Sequence (rCRS), which is designated as the L-strand. In the L-strand of normal stem cells, G>A transitions are significantly more prevalent than C>T; T>C transitions are more prevalent than A>G; and A>C transversions are more prevalent than T>G (Fig. 3A) . This suggests a significant strand orientation bias in the normal stem cells. In contrast, this strand bias of higher prevalence of G>A on the L-strand is not found in any of the transformed cells (Fig. 3B-E) . The strand bias of higher prevalence of T>C on the L-strand is not found in any of the transformed cells except in weakly tumorigenic cells (Fig. 3B-E) .
Sequence context spectra of rare mutations change during breast carcinogenesis
To investigate whether each type of rare point mutations occurs in a specific genome sequence context and to study how neighboring sequence context affects substitutions, we examined the bases immediately 5 0 and 3 0 to the mutated base (i.e., the mutation appears at the second position of each trinucleotide) on the 96 substitution classification (27) . The identified substitution classifications (Fig. 4A-F) show the mutation context for every mutation from each cell type. The averages (%) of 16 possible mutation contexts for each of the six mutation types are presented (Supplementary Table S2A) .
The rare mutation context signatures of normal stem cells (Fig.  4A) were compared with those of tumorigenic cells [pooled from weakly (W), highly (H), and highly tumorigenic xenograft (X) cells]. We have identified 13 significantly different mutation contexts between normal stem cells and tumorigenic cells. The ACC for C>T transition and the ATC and TTC for T>C transition are the three most statistically significant contexts ( Fig. 4F ; Supplementary Table S2B ). We have found 16 statistically different rare mutation contexts between normal stem cells and transformed cells (pooled from immortal, W, H, and X cells). The ATC, CTT, and TTC for T>C transitions and ACC for C>T transition are the four most statistically significant contexts (Supplementary Table S2C ). These variations of rare mutation context spectra indicate distinctive frequencies and types of mutations that characterize normal stem and transformed cells and could aid in explaining their different phenotypes.
Mutation context signatures of mtDNA tumorigenic cells correlate with published nuclear DNA tumor mutation context signatures To test whether rare mutation signatures of mtDNA share a common feature with those of nuclear (n) DNA, we compared the mtDNA mutation context signature of tumorigenic cells with published tumor data of nDNA mutation context signatures (27) . Alexandrov and colleagues (27) quantified percentages of trinucleotides (the bases immediately 5 0 and 3 0 to the mutated base) and identified 22 mutation signatures (ID #1A, #1B, and #2-21) that were overrepresented in nDNA of 7,042 cancers of 30 different classes. Among the published 22 mutation signatures, signatures ID #1A, #1B, and #19 show the highest correlation (rs: $0.6) with the mtDNA mutation signatures of breast tumorigenic cells (Supplementary Fig. S2 ). This modest correlation suggests that the high prevalence of C>T/G>A mutations is a common feature present in both mitochondrial and nuclear DNA in human cancers.
The signatures of ID #1A (12% of cancers) and #1B (61% of cancers) were found in the majority of human cancers. The signature #1B, in particular, was found in breast tumors (Supplementary Fig. S2 ). Both ID #1A and #1B signatures showed strong correlations between age of diagnosis and the number of mutations (27) . Our results suggest that breast tumorigenic cells' mitochondrial mutation context signature can reflect, at least in part, age-associated nDNA mutation context signatures that are present in the majority of cancers.
Duplex Sequencing identifies known and novel mitochondrial mutations
Using Duplex Sequencing, we identified a total of 1,220 rare variants (841 nonsynonymous and 269 synonymous mutations) found in normal stem cells or transformed cells. We examined whether the variants were previously reported on the basis of the mtDNA variant database (www.mitomap.org). Of the 1,220 rare variants we detected, 678 are new variants (579 nonsynonymous and 79 synonymous mutations) that have not been reported by other studies. In contrast, all 71 homoplasmic variants found in our study have already been reported previously (Supplementary  Table S3) .
We compared all the positions of rare variants to identify common and unique variants between normal stem cells and transformed cells (Supplementary Table S4 ). Seven variants were found in all three sets of normal stem cells developed from three women (Supplementary Table S4B ). Of these, three variants (m.13062A>G, m.13095T>C, m.13105A>G) were found in all sets of normal stem cells and transformed cells. We identified two rare mutations (m.8567T>C resulting two missense mutations S68P and I14T) that are found only in all sets of tumorigenic cells (weakly, highly, highly tumorigenic xenograft), but neither in normal stem cells nor in immortal cells (Supplementary Table S4G ). There are 144 rare variants found only in immortal cells, but neither in normal stem cells nor in tumorigenic cells and 74 of these are new variants (Supplementary Table S4H ).
We identified several specific nonsynonymous mutations that are clonally expanded or negatively selected during tumorigenesis (Supplementary Table S5 ). The m.10342T>C mutation is present neither in normal stem cells nor immortal cells, but is found in tumorigenic cells, with its prevalence increasing with tumorigenicity. The mutation clonality percentages of the m.10342T>C mutation in weakly tumorigenic, highly tumorigenic, and highly tumorigenic xenograft cells are 12%, 30%, and 21%, respectively (Supplementary Table S5A ). This finding suggests that the m.10342T>C mutation is clonally expanded during tumorigenesis and is selected toward tumorigenesis. Two other nonsynonymous mutations (m.6007T>C and m.15900T>C) are frequently mutated ($20%) in immortal cells, but are rarely or not mutated at all in tumorigenic cells (Supplementary Table S5B ). This implies that both mutations are positively selected during immortalization and negatively selected during tumorigenesis. The m.10342T>C and m.6007T>C mutations are new mutations that have not been reported.
Nonsynonymous mutations occur by chance and the occurrence of nonsynonymous mutations correlates with the size of mitochondrial protein-coding genes
The percentages of nonsynonymous rare mutations within the mutated codons are 76% in pooled normal stem cells and 72% in pooled transformed cells (Supplementary Table S6 ). The prevalence of nonsynonymous rare mutations within the mutated mitochondrial codons in the cells is close to the expected value of 75.7%, which is the prevalence of nonsynonymous mutations that would occur by chance (19, 28) . This correspondence suggests that these rare variants are not subject to strong purifying selections and may in fact represent the accumulation of truly random mutations. Consistent with this correspondence, the size of each protein-coding gene positively correlates with the prevalence of nonsynonymous mutations in the protein-coding region (Supplementary Table S7 ).
Tumorigenic cells have significantly lower predicted pathogenicity scores than those of normal stem cells
We examined whether the nonsynonymous rare mutations are likely to alter protein function and increase the predicted pathogenicity using the MutPred program (26) . The g scores generated by MutPred analysis indicate deleterious substitutions with higher numerical values. The sum of g scores for each mitochondrial protein-coding gene in normal stem cells, immortal cells, and tumorigenic cells is presented (Supplementary Fig. S3 ). The average of the g score sums for all mitochondrial protein-coding genes of highly tumorigenic cells is significantly lower (P < 0.05) than those of either normal stem cells or immortal cells (Fig. 5) , which indicates that nonsynonymous mutations in tumorigenic cells are of lower pathogenicity than those in normal stem cells or immortal cells.
Discussion
We report the first comprehensive study of mutations throughout the entire mitochondrial genome in normal human breast stem cells and compare them with the mutations acquired during the transformation of normal stem cells to tumorigenic cells. Our data indicate that putative breast CSC populations are significantly increased as cells progressively acquire tumorigenic phenotypes (Fig. 1B and C) . We demonstrate that the mtDNA copy number, relative to nuclear DNA, also increases significantly as normal stem cells are transformed to immortal cells and to tumorigenic cells (Fig. 1D) . In previous studies by others, the levels of mtDNA copy numbers or mtDNA content in tumor cells/tissues compared with normal cells/tissues varied; the levels increased (29, 30) , decreased (31, 32) , or did not change in detectable amounts (13) . In a prospective cohort study, a higher mtDNA copy number was associated with increased breast cancer risk (30) . A progressive increase in mtDNA copy number with breast carcinogenesis suggests the changes in mtDNA replication or mtDNA turnover during transformation (33) .
We focused our analysis on rare mutations of mtDNA because they are presumably acquired de novo somatic mutations during tumorigenesis. In contrast, homoplasmic mutations are more likely to be maternally inherited mtDNA mutations and unlikely to serve as markers for sequential stages of tumorigenesis. This is supported by our findings that all sets of transformed cells (immortal, weakly tumorigenic, highly tumorigenic, and highly tumorigenic xenograft) have the identical sequence context spectra of homoplasmic mutations of the whole mtDNA (Fig. 6B) . These identical homoplasmic mutation contexts confirm that the transformed cells were derived from the same woman and indicate that no changes were introduced into the preexisting homoplasmic mutations during tumorigenesis.
Our results indicate that rare point mutations occur stochastically (Supplementary Tables S6 and S7 ). The lower accumulation of rare mutations in breast transformed cells than in normal stem cells contributes to lower predicted pathogenicity scores of nonsynonymous mutations. These decreases of both mtDNA mutations and predicted pathogenicity during breast carcinogenesis may reflect a regulatory response that more efficiently maintains the integrity of the mitochondria. Such response could remove mitochondria containing damaged DNA by mitophagy or employ negative selection to protect mitochondrial genomes of transformed cells from deleterious mutations.
One possible mechanism that could cause the lower mutation frequency in breast transformed cells (Fig. 2B ) than in normal stem cells is the change in levels of glycolysis and oxidative phosphorylation. Ericson and colleagues (13) reported that lower rare mutation frequencies of mtDNA at TaqI sites in human colon tumors than in normal colon tissues were associated with elevated glycolysis and reduced oxidative phosphorylation. This finding by Ericson and colleagues (13) supports the Warburg effect in tumor cells, which suggests that increased glycolysis and reduced oxidative phosphorylation, decrease the likelihood of oxidative damage and therefore could lead to lower mutation frequencies in tumor cells (13, 34) .
The frequencies and percentages of mtDNA mutation types in normal stem cells differ from those in transformed cells. In normal stem cells, the C>T/G>A and T>C/A>G transitions are the most frequent types of rare mutations (Fig. 3A) . In contrast, the predominant substitutions in transformed cells are C>T/ G>A. It was reported that transitions are more common than transversions in the mtDNA of humans (19, 35) and in 70 species of animals (36) . Misincorporation by DNA polymerase g and the deamination of cytosine to form uracil cause C>T/ G>A transitions and have been demonstrated to be the main drivers of mtDNA mutation (37, 38) . T>C/A>G mutations are probably due to the deamination of adenine to inosine or TdGTP mispairing: a frequent base misinsertion made by DNA polymerase g (39-41). Taken together, our results suggest that replication errors by DNA polymerase g and base hydrolysis account for the majority of rare mutations in mtDNA of HBECs.
The higher prevalence of G>A than C>T on the L-strand observed in rare mutations of normal stem cells indicates a strand bias (Fig. 3A) . However, this strand bias of rare mutations reflected by asymmetric distributions is lost in transformed cells (Fig. 3B-E) . Strand biases can occur during mtDNA asymmetric replication (42) . The strand bias of mtDNA has been demonstrated in human population studies (36, 43) and experimental studies of human brain (19) , putamen (44) , tumors (32, 45) , and fruit fly Drosophila melanogaster (46) . The strand bias found in the whole mtDNA of human brain was detected using Duplex Sequencing (19) . This disappearance of strand bias within rare mutations suggests extensive changes in the mtDNA or a prevalence of stochastic mutations due to DNA damage in cells during tumorigenesis.
The 8-oxo-2 0 -deoxyguanosine (8-oxo-dG) is known to be one of the predominant products of DNA oxidation (47, 48) . However, in the human breast epithelial cell model, we examined in the current study, G>T(/C>A) transversion produced by 8-oxo-dG (49) was not the major contributor of mtDNA mutations. Our finding reinforces a recent NGS tumor study that found that the G>T(/C>A) transversion constituted only 4% of mtDNA mutations identified from diverse tumors (45) . A similar finding was reported in the human brain tissue Duplex Sequencing study (19) . The low frequency of G>T (/C>A) mutations in the human whole mtDNA of breast cells (current study), tumors (45) , and brain tissues (19) may imply three possible scenarios: 8-oxo-dG is hardly produced in these Figure 5 . Predicted pathogenicity scores of nonsynonymous rare mutations of the mtDNA protein-coding regions. The average of the g score sums for mitochondrial protein-coding genes is shown for normal stem, immortal, weakly tumorigenic, and the pooled highly tumorigenic cells (highly tumorigenic and highly tumorigenic xenograft). a and b, P < 0.05 by Kruskal-Wallis test. cells or tissues, mtDNA 8-oxo-dG lesions are rapidly repaired, or the damaged mtDNA is immediately degraded through mitophagy.
The nuclear DNA of human breast tumors have been sequenced extensively using NGS (cancergenome.nih.gov; ref. 50) . It has been estimated that most tumors contain thousands of nucleotide changes in their nuclear genome, many of which are in oncogenes or tumor suppressor genes. These specific mutations of nuclear DNA have served as biomarkers for detection of breast cancer (cancergenome.nih.gov; ref. 50) . In contrast, our results indicate that, in the mitochondrial genome, with the possible exception of the m10342T>C substitution, the presence of predominant mutation contexts, rather than specific substitutions, may prove to be a biomarker for breast CSCs. Features of mtDNA, including the relatively high mutation rate, the high copy number per cell, and maternal inheritance, render mitochondrial mutations as attractive candidates for tumor detection (14) . These features have made studying mtDNA somatic mutations in body fluids useful for detection of pathologic processes and forensic applications. Duplex Sequencing has enabled us to detect many rare point mutations that are not detectable by NGS. Our Duplex Sequencing data suggest that the overall decrease in rare mutations of mtDNA, in particular T>C/A>G transitions, might be germane for the detection of early breast malignancies. . DCS analysis of Duplex Sequencing was performed to determine homoplasmic mutation context spectra in the whole mtDNA. The clonality cutoff used for homoplasmic mutations is 95%-100%. Data are from normal human breast stem cells (A) and transformed cells (B; immortal, weakly tumorigenic, highly tumorigenic, and highly tumorigenic xenograft). All sets of transformed cells have identical sequence context spectra of homoplasmic mutations.
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